Diverse pathological changes occur in the white matter (WM) of patients with schizophrenia. Various microstructural alterations including a reduction in axonal number or diameter, reduced myelination, or poor coherence of fibers could account for these changes. Abnormal integrity of macromolecules such as myelin ('dysmyelination') can be studied by applying multiple modalities of WM imaging such as diffusion tensor imaging (DTI) and magnetization transfer imaging (MTI) in parallel. Using ultra-high field (7 Tesla) MTI in 17 clinically stable patients with schizophrenia and 20 controls, we evaluated the voxelwise distribution of macromolecular WM abnormalities. Patients had a significant reduction in magnetization transfer ratio (MTR) in WM adjacent to visual processing regions and inferior temporal cortex (Cohen's d ¼ 1.54). Among the regions showing MTR reduction, a concurrent reduction in fractional anisotropy (FA) occurs proximal to the lingual gyrus. Multiple regression analysis revealed that the degree of FA reduction in the putatively 'dysmyelinated' regions in patients predicted impaired processing speed (PS; b ¼ 0.74; P ¼ 0.003), a core cognitive dysfunction in schizophrenia. In controls, MTR/FA in the occipito-temporal regions were not associated with PS. Our findings suggest that dysmyelination in visual processing regions is present in patients with schizophrenia with greatest cognitive and functional impairment. Combined DTI/MTI deficits in the occipito-temporal region may be an important variable when considering potential treatment targets for improving cognitive function in schizophrenia.
INTRODUCTION
Pathophysiological processes affecting the formation of myelin has been a focus of attention in schizophrenia for the last 3 decades (Walterfang et al, 2006) . Despite the scarcity of neuropathological studies, several lines of evidence from neuroimaging, immunological, and genetic investigations implicate a dysfunction of the myelination process. Conduction delay associated with aberrant myelination is seen as a central feature of various mechanistic models of psychosis (Whitford et al, 2012) . Diffusion tensor imaging (DTI) studies suggest a role for WM pathology in the cognitive deficits (Pérez-Iglesias et al, 2010) , with a large body of evidence implicating a role for myelin deficits in cognitive dysfunction seen in schizophrenia (Voineskos et al, 2012a) . In particular, observations from healthy controls (Bartzokis et al, 2010) suggest that interindividual variability in task performance for crucial cognitive measures, such as processing speed (PS), depend on the integrity of myelination. Despite this intuitive postulation of the role of myelin defects in schizophrenia, lack of reliable in vivo approaches to measure myelin-related WM abnormalities has impeded progress in this field. Magnetization transfer imaging (MTI) provides a promising tool for studying putative myelin defects (Chen et al, 2007) . Magnetization transfer ratio (MTR) represents the exchange of magnetization between protons bound to macromolecules such as myelin and free water. In demyelination disorders such as MS, the quantification of MTR is considered as a reliable marker of the burden of myelin damage, and used as a surrogate marker of therapeutic efficacy (Ge et al, 2001) . In schizophrenia, MTR abnormalities have been previously demonstrated in temporooccipital and frontal regions (Walterfang et al, 2006) .
Both DTI and MTI are nonspecific techniques that can be affected by a range of pathological changes in brain tissue. As a result, the inferences drawn from studies that use either DTI or MTI as stand-alone imaging techniques are limited by this lack of specificity. MT quantifies a purely scalar measure that reflects tissue composition (especially myelin content) more than the spatial organization of WM tracts (Schmierer et al, 2004 ). FA appears to be influenced primarily by microstructural properties, such as fiber count, volume, and directionality (Stikov et al, 2011) , but is also affected by myelin content (Schmierer et al, 2007) . Therefore, while isolated MTR reduction (without FA changes) can be considered as a reflection of reduced myelin content, the presence of combined FA and MTR reduction in a region is strongly suggestive of pathology affecting myelinated fibers. Kubicki et al (2005) proposed that in schizophrenia, combined WM abnormalities observed in both DTI and MTI are likely to reflect more specifically the abnormalities in the microstructural properties of myelinated axons.
The magnetization transfer phenomenon is particularly well captured at ultra-high field (7T) MR imaging (Mougin et al, 2010) , with a higher sensitivity to detect macromolecular tissue composition. In the present study, we employ 7T MR for the first time in schizophrenia, and use a voxel-based approach to locate brain regions showing significant MTR changes in patients. We also employ DTI and structural imaging at 3T strength in the same sample of subjects to study changes in the FA and WM volume in brain regions showing MTR abnormalities. From prior MTI studies in schizophrenia, we expected widespread reduction in the MTR in patients involving both frontal and occipitotemporal WM.
Given the association between WM pathology and PS deficits (Bartzokis et al, 2010; Turken et al, 2008; Vernooij, 2009) , we investigated which of the three WM measures (WM volume, FA, or MTR) in the affected brain regions predicted performance in a digit-symbol substitution test (DSST) in patients. In particular, occipito-temporal projections appear to facilitate the processing of visual information (Catani et al, 2003) . DTI studies in healthy individuals report that the age-related disruption of the occipitotemporal projections predicts performance in tasks that require high visuomotor PS (Voineskos et al, 2012b; Zahr et al, 2009) . In light of these observations, we expected that the abnormal occipito-temporal WM integrity in patients would predict PS deficits.
MATERIALS AND METHODS
Twenty patients with schizophrenia and 21 healthy controls were originally recruited, of whom the data from 17 patients and 20 controls are reported here, after exclusion of cases with excessive movement, as described below. Patients aged 18-55 years with a DSM-IV (American Psychiatric Association, 1994) diagnosis of schizophrenia were included. Diagnosis was ascertained using a consensus procedure (Leckman et al, 1982) after reviewing clinical notes, collecting information from the psychiatrists providing clinical care, and conducting a structured diagnostic interview (Signs and Symptoms in Psychotic Illness (Liddle et al, 2002) ) with the patients. All patients were in a stable phase of illness (defined as a change of no more than 10 points in their Global Assessment of Function (GAF, DSM-IV (American Psychiatric Association, 1994)) score, assessed 6 weeks before and immediately before study participation). The mean duration of illness was 7 years (SD ¼ 7.9). Subjects with age o18 or 455 years, subjects with neurological disorders, current substance dependence, or IQo70 using Quick Test (Ammons and Ammons, 1962) were excluded. Twenty-one healthy subjects group matched for age, gender, and parental socioeconomic status with the patient group were recruited from the local communities through advertisements. In addition to the exclusion criteria specified for patients, controls were excluded if there was a personal or family history of psychosis. All subjects were recruited from Nottinghamshire, UK.
Handedness was assessed using the 12-items Annett scale (Annett, 1970) . The median defined daily dose (DDD) of antipsychotics(WHO Collaborating Centre for Drug Statistics and Methodology, 2003) was calculated for all patients. All subjects were interviewed on the same day as the scan, and symptom scores assigned according to the SSPI for both patients and controls. Written and oral versions of the DSST, similar in format to the DSST from the Wechsler Adult Intelligence Scale (Wechsler, 1997) , were also administered. The score was the number of symbols correctly assigned within a period of 90 s. For each subject, a mean DSST score was computed from the two formats.
Permission for the study was obtained from Nottinghamshire research ethics committees. All participants gave written informed consent.
MTI Acquisition
Scanning was performed on a 7T Philips Achieva system with 32-channel receive coil. MT images were acquired using a 3D magnetization transfer-prepared turbo field echo (MTTFE) sequence in two volumes (A no saturation pulse, B À 1.05 kHz resonance saturation pulse (sensitive to magnetization and chemical exchange saturation transfer effects)) with 1 Â 1 Â 1 mm voxel size; field of view 
MPRAGE Acquisition
7T T1-weighted images were acquired using a 3D MTTFE (IR-TFE) with 0.6 Â 0.6 Â 0.6 mm 3 voxel size; FOV ¼ 192 Â 180 Â 140 mm; TE ¼ 5.6 ms; TR ¼ 15 ms; flip angle of the TFE readout pulse ¼ 81; 260 slices; TFE factor per inversion ¼ 148; inversion time ¼ 1175 ms; shot-to-shot interval ¼ 3000 ms; total scan time ¼ 12 min.
DTI Acquisition
For DTI, we chose to use 3T field strength (Philips Achieva) rather than the 7T, as the gradient performance (a limiting factor for DTI acquisition) is similar at 7T and 3T. At higher field strength, although the signal-to-noise ratio improves, T2 is shortened, annulling any specific advantage for DTI expected when scanning at 7T field (Polders et al, 2009; Speck and Zhong, 2009) . We also noted that eddy currents (an important source of image distortion in DTI) were more pronounced at 7T than at 3T.
Diffusion-weighted images were acquired using a singleshot, spin-echo, echo planar imaging (EPI) sequence in alignment with the anterior commissure-posterior All scans were inspected immediately after each acquisition, and if motion was detected the scans were repeated. MTI images from one control subject and three patients could not be included in the study owing to significant movement-induced signal changes. In addition, one patient had significant movement artifacts in DTI images. A total of 20 controls and 17 patients were included in the MTI analysis; 20 controls and 16 patients were included in the DTI analysis. The excluded patients had similar clinical and demographic profile to the subjects who were included in the final analysis. (Mean (SD) values for excluded subjects: age ¼ 39.3(10.1) years; duration of illness ¼ 13.3(8.5) years, antipsychotics DDD ¼ 1.1(0.4); GAF ¼ 46.67(4.2)). The 3T and 7T scans were done one after the other in the same order (3T followed by 7T) on the same day for all subjects, with 5-10 min of time interval between the scans for transferring the patients between two scanners located in the same building.
Data Preprocessing
Diffusion-weighted images were converted from DICOM to analyze images. Using FMRIB's Diffusion Toolbox in FMRIB Software Library (FSL) (http://www.fmrib.ox.ac.uk/fsl), differences in spatial distortion due to eddy currents were corrected. A binary mask of the brain was then generated using Brain Extraction tool in FSL. Diffusion tensor and associated parameters such as fractional anisotropy (FA), which measures the deviation from isotropic diffusion, were then calculated using the DTIFIT tool in FSL. The nondiffusion-weighted volume (b-value, a function of diffusion gradient strength and time interval ¼ 0) was co-registered to the 7T T1 image with 12 degrees of freedom using FLIRT linear registration algorithm, using the 'mutual information' cost function with low number (100) of bins and trilinear interpolation. The registration matrix was later applied to FA maps to transfer them into the same space of the T1 image.
For each voxel in the MTI images, magnetization transfer ratio was calculated on a pixel-by-pixel basis by the formula MTR ¼ {(Mo À Ms)/Mo} Â 100 percent units, where Mo and Ms are the mean signal intensities without and with the saturation pulse, respectively. The reference volume in the MT sequence was co-registered to the 7T T1-weighted image with six degrees of freedom using FLIRT linear registration algorithm from FSL. Owing to the difference of contrast between the T1 image and reference volume in the MT sequence, again the 'mutual information' cost function and trilinear interpolation method was used. The registration matrix was applied to MTR maps to transfer them into the same space of the T1 image.
Preprocessing using SPM8 was carried out for T1, MTR, and the FA images, using identical procedures to ensure that the images from all modalities had voxel-to-voxel spatial correspondence. Using the SPM8 Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (Ashburner, 2007) algorithm, grey, white, and CSF tissue were segmented. GM and WM images were separately warped onto group average template. For MTR images, modulation was carried out to account for tissue distortion during template warping; this step was not applied for FA images. The resultant images were resampled to isotropic 3 mm voxels, normalized to MNI space, and smoothed using a Gaussian kernel of 8 mm full width half-maximum to enable voxel-based morphometric comparison of the two groups. Total brain volume was computed from T1 images using the sum of the volumes of GM, WM, and CSF segments.
Statistical Analysis
The MTR maps of the two groups were compared using the General Linear Model framework implemented in SPM8. A two-sample t tests using a voxelwise Po0.001 and a clusterlevel familywise error correction at P ¼ 0.05 was carried out, with age and gender as covariates for MTR and FA analysis. The FA analysis was constrained within a mask obtained from the group comparison contrast of MTR maps at an uncorrected threshold of Po0.001. Principal eigenvariate representing the typical MTR and FA from the voxels included within this mask (in each case, explaining 485% variance) were extracted and used in a multiple regression analysis predicting the mean DSST scores separately for controls and patients with age, gender, and total WM volume as covariates. All variables (covariates and predictors) were entered in a single step in the regression model.
RESULTS

Clinical and Demographic Variables
The demographic and clinical characteristics of the sample are presented in Table 1 . Patients did not differ from the controls in terms of age, gender, handedness, or parental 
MTR Group Differences
Patients showed a significant reduction in MTR in occipital and temporal WM regions corresponding to inferior longitudinal fasciculus (ILF) bilaterally, right inferior fronto-occipital fasciculus and left anterior thalamic radiation (Table 2 and Figure 1 ). The effect size of difference estimated from all voxels showing MTR reduction was 1.54 (mean MTR (SD) in patients ¼ 20.91% (7.26%); controls ¼ 29.74% (4.03%)). All clusters survived few-corrected P value o0.05. WM labels are provided in accordance with JHU White Matter Tractography Atlas (Mori et al, 2005) . Only tracts with 45% probability are included in the labels.
FA Differences in Regions with MTR Abnormalities
Figure 1 WM MTR reduction in patients with schizophrenia compared with healthy controls. Illustrations drawn on a single subject structural image (using xjview: http://www.alivelearn.net/xjview8/) with slices selected for the best display of regions showing differences in the two sample t test. (a) displays group differences from voxelwise analysis. (b) displays WM diffusion tensor tracts traversing a rectangular volume centered at the region, showing the most significant combined MTR/FA reduction in patients (x ¼ À 15, y ¼ À 81, z ¼ À 12), mapped using DTIquery (http://www.graphics.stanford.edu/projects/dti) in a single normal individual. Tracts include the inferior occipito-frontal and the ILF (yellow), on axial and sagittal slices from a structural T1 image for illustrative purposes. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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Predicting PS
The results of the regression analysis predicting DSST scores in the two groups are shown in Table 3 . In controls, none of the variables significantly predicted the DSST score. In patients, higher FA in regions showing reduced MTR was associated with higher DSST scores (Figure 2 There was no indication for multicollinearity of predictors. A positive correlation was observed between the principal eigenvariates of the FA and MTR measures within the mask, although reaching statistical significance only in the control group (Pearson's r (p) in controls ¼ 0.50 (P ¼ 0.03); patients ¼ 0.2(0.44)). The difference between the two r values was not statistically significant (Fisher's r-to-Z transformation Z ¼ 0.95, P ¼ 0.34).
Mean MTR and FA values in patients did not show any significant correlation with current antipsychotic dose in DDD or a measure of dose-year approximation (illness duration X present antipsychotic dose; all P40.3). Dropping the three left-handed subjects (one patient and two controls) did not affect the distribution of MTR or FA differences between groups.
We also observed MTR reductions in GM adjacent to the WM regions showing significant MTR abnormalities. The GM-MTR results are presented in the Supplementary Material S1.
DISCUSSION
Using a combined white matter (WM) imaging approach and high-field MT acquisition, this study provides the first evidence for the presence of prominent deficits in macromolecular composition, suggestive of dysmyelination in association with a reduction in axonal integrity in the visual processing regions in schizophrenia. The concomitant reduction of MTR and FA that occurs in a circumscribed region of the occipito-temporal WM suggests abnormalities in the architecture of myelinated axons in schizophrenia. The WM integrity in the occipito-temporal regions indexed by the FA, rather than the MTR, predicted PS deficit in patients.
A specific strength of our approach is the use of 7T MTI technology that has a higher sensitivity to detect macromolecular pathology. Although the exchange rate is independent of field strength (Henkelman et al, 1993) , MT imaging at high-field MRI benefits from the increased SNR, and prolongation of water T1 relaxation time, such that the MT effect can be detected before the partially saturated longitudinal magnetization of free water pool returns to equilibrium (Mougin et al, 2010) . Furthermore, at high field, chemical shift between exchange site proton and water proton increases, allowing greater exchange rate to be used without approaching the fast exchange rate limit. A large chemical shift helps to reduce or even avoid the direct saturation of free water in addition to reducing the macromolecular water MT background (Ward et al, 2000) .
Our observation of occipito-temporal MTR reduction in schizophrenia adds to the existing MTI studies in patients with established illness (for a tabulated review, see the Supplementary Material S1). The earliest MTR study in 7T MRI of myelination in schizophrenia L Palaniyappan et al schizophrenia used lobar regions of interest covering entire brain and reported prominent temporal MTR reduction (Foong et al, 2000) . Most recently, Bachmann et al (2011) , using an imputed voxelwise analysis, demonstrated that the most significant MTR reduction in schizophrenia occurs in the calcarine, lingual, fusiform gyrus, and inferior temporal cortex. Nevertheless, there are several studies that observe localized MTR changes in other brain regions, such as frontal lobe and the insula (Supplementary Material S2) . Methodological differences such as scanner strength and analytical approach could explain some of these discrepancies. For example, a significant increase in MTR in patients has only been reported in tract-based ROI studies (Mandl et al, 2010; de Weijer et al, 2011) , and has not been observed in voxelwise analyses. Tract-based ROI studies have reported increased MTR confined to the uncinate and arcuate fasiculi, and have so far not investigated whole brain differences (Mandl et al, 2010; de Weijer et al, 2011) , making it difficult to ascertain whether large sized effects with reduced MTR were present in other brain regions.
Further, frontal MTR defects are most often seen in first episode samples (Bagary et al, 2003; Bohner et al, 2012; Price et al, 2010) . It is possible that frontal myelination defects in schizophrenia diminish with the progression of illness or respond to antipsychotics. Some support to the latter view comes from a series of studies evaluating the WM effects of atypical antipsychotics (Bartzokis et al, 2012) , leading to the notion that some interventions may have a selective effect on ameliorating WM abnormalities in schizophrenia. Schizophrenia is likely to be associated with a distributed abnormality in myelination (Davis et al, 2003) . If this is indeed true, a more prominent reduction in myelin content in patients is expected in cortical regions that are relatively heavily myelinated. Interestingly, whole brain myelin mapping suggests both occipital and inferior temporal/ parahippocampal regions are relatively rich in myelin content compared with higher-order association cortices in normal subjects (Glasser and Van Essen, 2011) . In the present study, a combined FA and MTR reduction was located in the WM regions that have a high probability of including occipito-temporal fibers (ILF) and occipitofrontal fibers (inferior fronto-occipital fasciculus). Several studies have previously reported reduced WM integrity of ILF in schizophrenia (Ellison-Wright and Bullmore, 2009 ). ILF appears to originate from extrastriate visual association regions and project to parahippocampal region and limbic regions such as the amygdala (Catani et al, 2003) . Our results suggest that abnormal myelination of the fibers projecting to and from visual association regions are present despite treatment with antipsychotics in clinically stable patients. This is consistent with studies that observe reduced myelin-related gene expression in occipital cortex (Matthews et al, 2012) , and adds to a growing body of evidence implicating visual processing defects in schizophrenia (Javitt, 2009) .
PS deficit that persists despite symptomatic remission is an important indicator of chronic disability and poor functional outcome in schizophrenia (Nuechterlein et al, 2011) . To date, the nature of relationship between reduced WM integrity and PS deficit remains unclear in schizophrenia despite observations of such relationships for other cognitive domains such as verbal memory (Szeszko et al, 2008) . None of the previous MTR studies in schizophrenia have sought the relationship between cognitive dysfunction and MTR changes (Supplementary Material S1). Our results suggest that the integrity of connections emerging from visual association regions is likely to influence the PS performance in patients. FA, rather than the MTR of the affected regions, predicted PS performance. This dissociation has been noted in other studies as well (Schiavone et al, 2009) . This suggests that a disruption of the axonal architecture in occipito-temporal regions showing reduced myelin content is likely to be crucial for the expression of impaired PS, a key cognitive deficit in schizophrenia.
The absence of a significant relationship between FA of the occipito-temporal region and PS in healthy controls suggests that occipito-temporal FA is unlikely to contribute to the interindividual variability in the PS performance in the current sample of healthy controls. FA of specific tracts such as superior longitudinal fasciculus not investigated in the present study may account for the variability in PS performance in controls (Turken et al, 2008) . Further, in healthy individuals, age contributes to a substantial portion of the observed relationship in the variance between WM integrity and PS (Madden et al, 2012) . Most of the WM integrity-cognition relationships in healthy controls is notable only after middle age, where the interindividual variation in both cognitive ability and the WM integrity becomes more pronounced (Burgmans et al, 2011) . Further, this age-related FA-PS association appears to be driven by overall WM integrity across different tracts, rather than being limited to a single WM pathway (Penke et al, 2010; Vernooij, 2009) . Unlike previous studies that showed a relationship between PS performance and FA in healthy controls (Kohama et al, 2012; Penke et al, 2010; Voineskos et al, 2012b) , our control group included healthy younger adults (age mean(SD) ¼ 32(8.2) years) in whom large agerelated differences in WM integrity are unlikely to be present.
Several shortcomings must be considered when interpreting the present observations. Our sample size is modest, although comparable to several published MTR studies. Although MTI provides a quantitative measure of regional myelin content, MTR values are affected by regional freewater concentration. As a result, a reduction in MTR may be a result of local tissue edema or partial volume effect that reduces macromolecular concentration (Stikov et al, 2011) . We used an advanced tissue segmentation procedure that reduces the probability of partial volume effect (Ashburner, 2007) . The use of voxelwise approach rather than tractography approach ensured an unbiased localization of whole brain changes of MTR in our sample, but the observed FA/ MTR changes may not apply for the entire course of WM fasciculi. As most subjects in our sample are men, caution is required when generalizing these results to women. In this sample, we evaluated PS as a cognitive variable, but did not evaluate other cognitive domains. Given the previous observations linking verbal memory to FA reductions (Szeszko et al, 2008) , extensive assessment of cognitive function is warranted in future DTI/MTI studies. Further, visual processing deficits have been proposed to be a key phenotypic feature that defines a subset of patients with more severe cognitive impairment (Butler et al, 2005) .
7T MRI of myelination in schizophrenia L Palaniyappan et al Examining occipito-temporal myelin integrity alongside extended cognitive and functional assessments of this feature can provide further insights into the pathophysiology.
In summary, using combined WM imaging in schizophrenia, we have shown a significant reduction in the myelin content in the occipito-temporal WM. Our results indicate that aberrant conduction along the WM tracts from visual processing regions to a higher-order association cortices may contribute to PS defects in patients. The combined WM imaging approach is likely to be a sensitive tool to quantify neurobiological correlates of persisting cognitive defects in patients with schizophrenia.
